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ABSTRACT In the search for stable and enduring organic colors, we have combined indigo, a historical and industrially important
chromophore, with silicalite, the MFI zeolite. The resulting pigment presents high color durability against most external agents (e.g.,
light, temperature). This stability and its physical properties are explained by the association of indigo with an inert mineral, which
is also influenced by formation conditions such as the initial indigo concentration and the thermal treatment. The formation of the
indigo@silicalite hybrid, particularly diffusion of the organic molecule, is monitored by optical spectroscopies, thermogravimetric
measurements, and X-ray diffraction. Color stability is attested when indigo enters the pores of the zeolitic host, thus forming a new
pigment with characteristics similar to those of Maya Blue. This opens the way to the low-cost engineering of metal-free, nonhazardous

pigment powders based on indigoid and other dyes.
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I. INTRODUCTION
Y onglasting resistance of pigments to acids, alkalis,
solvents, and biodegradants is an important issue in
Adart and in the paint and pigment industries (1—4).
In the quest for stable dyes, resistant to heat and moisture
in particular, several organic—inorganic hybrids present
good characteristics and are environmentally friendly as
well: the color can be durably fixed by trapping or encap-
sulating an organic dye in a mineral or clay matrix (5, 6).
Some of these hybrid pigments combine the properties of
the microporous mineral substrate (chemical resistance,
thermal and mechanical stability, harmlessness, etc.) and
the color of the organic dye (7). The stability and appearance
of such hybrid pigments are affected by both the structure
of the host and the interactions between the host and dye
(8, 9).

A particular organomineral system is indigo/silicalite. To
our knowledge, this system has never been produced or
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studied. This new organic—inorganic pigment is inspired by
the general features of the archeological pigment Maya Blue
(5, 10), created by the ancient Mayan people by the mixing
and heating of palygorskite or sepiolite clays with indigo dye.
Despite certain controversy on the location of the indigo
molecule within the clays (5, 11—15), a channel structure is
known to be the key point to obtain a chemically and
thermally stable dye. We thus copied the tubelike arrange-
ment of the clay by using the silicalite zeolite as the inorganic
matrix. Indigo is a blue dye well-known to ancient civiliza-
tions (16). Nowadays, the massive use of indigo (17) by the
dye industry requires its transformation into a water-soluble
(leuco) form (18). Indigo is the compound indigotin
Ci6H10N20O; [2-(1,3-dihydro-3-oxo-2H-indol-2-ylidene)-1,2-di-
hydro-3H-indol-3-one], a quasi-planar molecule of approxi-
mate dimensions 5 x 12 A% In the present work, we
consider using the naturally water-insoluble (keto) form of
indigo for the formation of a stable pigment. Silicalite is a
high silica zeolite belonging to the MFI family (19). Pure
silicalite is exclusively formed by Si—O—Si bonds, which are
responsible for its hydrophobic properties (20). In the pres-
ence of foreign atoms (Al, Ti, Fe, B, etc.) or structural defects,
internal silanol groups contribute to the catalytic activities
of this type of zeolite, used in industrial applications (21).
The MFI structure may be described as a three-dimensional
porous silicate with two interconnected tubular channel
systems (19, 22). Sinusoidal channels with an opening of 5.1
x 5.5 A? along the a axis (P2,/n space group) are intercon-
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Table 1. Indigo@Silicalite Samples Studied in This Work”

initial indigo indigo content (wt %)
label concn (Wt %) heating temp (°C) for surface/channels obsd diffraction

SILI-1 0.5 200 mono

SILI-2 1 200 0.5/0.5 mono

SILI-3 2 200 1.1/0.9 mono + indigo
SILI-4 5 200 3.4/0.9 mono + indigo
SILI-5 10 200 mono + indigo
SILI-6 1 230 mono + ortho
SILI-7 5 230 mono + ortho
SILI-8 10 230 3.1/3.2 mono + ortho + indigo
SILI-9 1 300 mono + ortho
SILI-10 5 300 0/4.1 ortho

SILI-11 10 300 1.9/4.2 ortho + indigo
SILI-12 10 230 ortho

“ All samples, as powders or single crystal (SiLi-12), are heated 5 h at the temperature mentioned. The indigo content is deduced from analysis
of the amplitudes of features of the TGA curves at 360—380 °C (departure of surface indigo) and 500—600 °C (departure of indigo incorporated
in the zeolite channels). The last column indicates the observed diffracting phase(s): monoclinic (mono), orthorhombic (ortho), and indigo

crystals (indigo).

nected with straight channels (5.4 x 5.6 A?) parallel to the b
axis. MFI zeolites show an orthorhombic-to-monoclinic
phase transition, depending on the composition, structural
defects, and nature/amount of sorbed molecules (23—25).

The location of cations like tetrapropylammonium (TPA;
i.e., the template used in the MFI synthesis protocol) (26) or
aromatic molecules such as benzene (27, 28), naphthalene
(29), p-nitroaniline (30—32), dichlorobenzene (33) and py-
ridine (34), trapped in an MFI zeolite was studied by different
authors mainly using neutron and X-ray diffraction (XRD)
techniques and computer simulation. In this study, we
combine structural analyses with optical spectroscopies to
investigate the indigo@silicalite system. UV—vis fluores-
cence is sensitive to the structural features of encapsulated
dyes, e.g., in zeolite L (35, 36) or AIPO4-5 (37) and MFI (38).
Although the fluorescence emission quantum yield of indigo
islow (18), fluorescence spectroscopy is a very sensitive tool
for determining the distribution of the dye inside and at the
surface of the substrate. Roeffaers et al. (39) recently com-
bined electron backscattering diffraction and confocal fluo-
rescence microscopy to map fluorescent reaction products
in ZSM-5 crystals.

In this work, we study a new organic—inorganic pigment
obtained by mixing and grinding indigo powder with high-
silica MFI zeolite. In the absence of foreign atoms, water
molecules, or charge-compensated cations in this type of
zeolite and given its low concentration of structural defects,
we assume that the indigo behavior is driven by a purely
siliceous channel structure environment. Insertion into the
zeolite is achieved in the solid phase just by heating. The
influence of the synthesis parameters (indigo concentration,
heating procedure) on the hybrid formation is monitored
using optical spectroscopy and XRD techniques. The chro-
mostability of the organic dye in its new “zeolite state” is
attested by resistance to irradiation and thermogravimetric
analysis (TGA) experiments.
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II. EXPERIMENTAL SECTION

II-1. Sample Preparation. The MFI zeolite was prepared at
the CRM2, Nancy, France, according to the fluoride route
elaborated by Guth et al. (40), which provides crystals of
aluminum-free MFI materials with fewer defects than the com-
mon hydroxide route (41, 42), using tetrapropylammonium
(TPA) cation as a templating agent. The molar composition of
the initial synthesis gel was approximately 1:0.08:0.04:20 SiO,/
TPABr/NH4F/H,O. This gel was heated at 473 K for 40 days, and
then the reaction products were filtered, washed with water,
and dried in an oven (43). The purity of the synthesized (SiO5)q6
silicalite was confirmed by microprobe analyses. Samples were
subsequently calcined at 600 °C in order to eliminate TPA. XRD
gives evidence of good crystallization in the monoclinic form,
while TGA reveals the low concentration of water and silanols
(minor mass loss, less than 1.5 wt % between 25 and 700 °C).
A series of MFI samples were prepared as either powders or as
single crystals. MFI single crystals have a typical size of 300 x
150 x 40 um’® and exhibit a morphology similar to that
described by Guth et al. with a typical hourglass pattern (44).

Silicalite powder was mixed with synthetic indigo (from 0.5
to 10 wt % Aldrich) and finely hand-ground in a mortar. The
powder was finally pressed into pellets to enhance contact
between the two components. The pellets were heated for 5 h
in air at 200, 230, or 300 °C. Doping of single-crystal samples
follows the same procedure, omitting the cogrinding step in
order to avoid destruction of the single crystals. Table 1 lists
samples presented below. This synthesis procedure is inspired
by that used for modern reproduction of the Maya Blue pigment
(45, 46).

II-2. Techniques. The absorption and diffuse-reflectance
spectra (DRUV) were recorded with a double-beam Cary 5000
spectrophotometer (IPREM Pau), in steps of 0.5 nm in the range
400—800 nm using a 1 cm quartz optical cell (Hellma) or an
1 1-cm-diameter integrating sphere with a custom-made powder
holder. The diffuse-reflectance spectra were corrected versus a
white standard (Teflon, Aldrich, 55 um) (47). The DRUV spectra
were analyzed according to the Kubelka—Munk model (48),
describing light propagation in scattering media with only two
parameters, an absorption coefficient, K, and an isotropic
scattering coefficient, S (which both have units of cm™): F(R..)
= (1 — R..)’/2R.. = KIS = ¢clS. With this model based on simple
assumptions, the absorption coefficient K of the system is
proportional to the molar absorption coefficient (1) (L mol ™"
cm™!) and to the concentration C (mol L™!) of the compound.
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FIGURE 1. Absorption and Kubelka—Munk-scale diffuse-reflectance spectra of indigo. (a) Absorption spectra of indigo in chloroform: (2) 4.1
x 107 mol L' (—) 4.1 x 10 °mol L™'; (O) 1.3 x 10" * mol L™'. I= 1 cm, room temperature. (b) Corresponding fluorescence spectra of indigo
in chloroform (lex = 488 nm). (c) Kubelka—Munk-scale diffuse-reflectance spectrum of an indigo powder. (d) Fluorescence spectrum of an

indigo powder (lex = 488 nm).

R.. is the reflectance of an “infinite” layer of powder, 4 mm in
the present data.

Corrected steady-state emission and excitation spectra were
measured using a photon-counting Edinburgh FLS920 fluores-
cence spectrometer equipped with a xenon lamp (IPREM, Pau,
France). Fluorescence spectra of the powdered samples were
recorded on powder adhering to sticky tape (negligible fluores-
cence), in 90° geometry. In situ fluorescence under heating was
carried out using a LABRAM Jobin-Yvon Raman spectrometer
(LMGP, Grenoble, France) with a LINKAM heating stage. Depth-
resolved fluorescence was recorded using focusing of the
microscope. The laser power was modulated between 3 mW
and 300 uW at the focus.

TGA experiments were conducted on a SETARAM TAG 24
thermoanalyzer instrument (Institut Néel, Grenoble, France).
Samples (~15 mg) were heated from 25 to 700 °C at a heating
rate of 10 °C min~" under flowing nitrogen.

Powder XRD data were collected in the high-resolution 26
step scanning mode at the 7-circles diffractometer of Beamline
BMO2-ESRF (49). The powders were hand-packed in 1 mm
capillary glass tubes. Data were processed using the Fullprof
software (50). In situ modifications of the indigo and zeolite
upon heating were followed via two-dimensional diffraction
patterns recorded using a CCD detector. Samples were heated
in a furnace provided by the Institut Francais du Pétrole, which
enabled sample oscillation and a homogeneous heating of the
capillary (51). The CCD camera was placed 630 mm from the
sample at an angle of 12° (26). This configuration was used to
rapidly achieve sufficient resolution in a particular region of
interest during the heating process. Data were analyzed using
the Xplot2D application of the XOP software package (52). After
linearization, a “peak-to-peak” fitting procedure was applied to
determine the position, full width at half-maximum, and inten-
sity of each diffraction peak of the ROI. A least-squares refine-
ment was then applied to obtain the cell parameters and volume
of the unit cell.
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III. RESULTS

III-1. Characterization of Indigo and a Nonheat-
ed Indigo/Silicalite Mixture. The UV—vis absorption and
fluorescence of indigo depends on the solvent used. The
optical absorption of indigo dissolved in chloroform peaks
at 606 nm (Figure 1a). At concentrations above 2 x 107®
mol L™, an additional band appears at 680 nm (Figure 1a).
For indigo powder, the diffuse reflectance, shown as
Kubelka—Munk transforms, consists of a relatively broad
absorption band (Figure 1c¢). The main components peak at
535, 580, and 680 nm.

The fluorescence of dilute indigo in chloroform appears
at ca. 650 nm (Figure 1b). A second band centered at 730
nm appears at a higher indigo concentration (4.1 x 107> mol
L™"). The fluorescence of the indigo crystal powder (Figure
1d) shows a single band at 750 nm.

The Kubelka—Munk-scale diffuse-reflectance spectra of
indigo/silicalite mixtures prior to heating are shown in Figure
2a. The principal band peaks at 680 nm for low indigo
concentrations. At higher concentration, the relative ampli-
tudes of the bands change and the spectra progressively tend
to that of the indigo powder, shown in Figure 1c.

At low indigo concentration (<2 wt %), fluorescence
emission occurs at 730 nm (Figure 2b). In addition, weak
emission is detected at shorter wavelengths, around 650 nm.
When the indigo concentration is increased, the 730 nm
fluorescence band shifts to 750 nm and its intensity in-
creases relative to the 650 nm contribution.

Powder XRD analysis shows that the nonheated silicalite/
indigo mixture has monoclinic symmetry. The 100, 102, and
210 indigo reflections are clearly identified on the XRD full

Dejoie et al. www.acsami.org
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FIGURE 2. Reflectance (a) and fluorescence (b) spectra of unheated
indigo/silicalite mixtures versus indigo concentrations. The fluores-
cence spectra are normalized to 1000 a.u. (Aex = 488 nm).

pattern of a 5 wt % indigo/silicalite mixture; they are
markedly broader than those of the silicalite powder (Figure
3). This supports the presence of small or possibly strained
indigo crystallites. The diffraction diagram was refined using
two phases (silicalite and indigo) by a full-pattern cell-
constrained fitting (50). The refined cell parameters and the
corresponding figures of merit are reported in Table 2, in
agreement with the previous structural work on MFI single
crystals (25, 26) and powder (23) at room temperature.

III-2. Formation of the Indigo@Silicalite Hybrid
by Heating. The heat treatment applied to the indigo/
silicalite mixture is monitored in situ by fluorescence spec-
troscopy. An indigo/silicalite mixture is introduced in the
heating stage (see the experimental part), and the temper-
ature is progressively increased from 25 to 200 °C (3 °C
min~"). At first, only a shift from 750 to 730 nm is observed
(Figure 4a). At 200 °C, a second 650 nm band emerges and
grows in with time (temperature fixed at 200 °C; Figure 4a).

The relative intensities of the two fluorescence bands
(730 and 650 nm) versus depth are shown in Figure 4b, in
a silicalite single crystal exposed to indigo vapor at 230 °C
for 5 h (SILI-12). The single-crystal b axis is parallel to the
incident excitation light (inset in Figure 4b). The 730 nm
band is maximum when the whole surface of the crystal is
illuminated. When the excitation light penetrates further into
the crystal, the 650 nm band increases at the expense of
the 730 nm band. Therefore, the 730 nm band is clearly due
to a surface contribution, while the 650 nm band is due to
the bulk colored crystal. Similar results are obtained for
different orientations of the single crystal.

The diffuse-reflectance and fluorescence spectra of the 5
wt % indigo@silicalite sample are compared at three dif-
ferent times during the heat treatment (Figure 5a,b): (i)
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before heating, (ii) in an intermediate state (sample SILI-3,
5h, 200 °C), and (iii) at the end of the heating process (SILI-
10, 5h, 300 °C). The fluorescence spectrum corresponding
to the intermediate state shows two bands at 650 and 730
nm, but only the 650 nm fluorescence band persists in the
final state. The diffuse-reflectance bands (Figure 5a) in the
420—570 nm range and at 680 nm (Kubelka—Munk scale)
are correlated to the fluorescence band at 730 nm, while the
610 nm band is linked to the 650 nm fluorescence band.

The indigo concentration dependence of the two fluores-
cence bands for two different heating temperatures (200 and
300 °C) is presented in Figure 5¢. The 650 nm fluorescence
band [corresponding to a low I1(730)/1(650) value] predomi-
nates at a low indigo concentration and/or a higher heating
temperature.

Evolution of the indigo@silicalite hybrid has been moni-
tored in situ by XRD (Figure 6). The heating process is shown
in Figure 6a. Upon heating, undoped silicalite shows a
monoclinic to orthorhombic phase transition around 70 °C
(Figure 6b,c), reversible when returning to room tempera-
ture. The ferroelastic behavior of the zeolite as a function of
the temperature has been discussed previously by other
authors (53, 54). At 260 °C, the unit-cell volume of the doped
silicalite is not notably affected by the organic dye (Figure
6d). Upon a return to room temperature, the high-temper-
ature orthorhombic phase of the zeolite is maintained
(Figure 6b). The broadening of the diffracted peaks when
passing from (2) to (3) is due to the presence of an additional
room temperature monoclinic phase, in addition to the
predominant indigo-induced orthorhombic one.

Depending on the synthesis conditions, the diffraction
pattern of the indigo@silicalite samples shows one to three
contributions, which come from polycrystalline indigo and
the zeolite in varying proportions. The zeolite pattern is
easily indexed as monoclinic or orthorhombic. This observa-
tion is summarized in Table 1. The full pattern matching of
the data yields the lattice parameters, and they are found to
be very close to the published data (23, 26) (Table 2). The
unit-cell size does not change once the hybrid is formed.

III-3. Stability of the Indigo@Silicalite Hybrids.
TGA and calorimetric (DSC) experiments were carried out
in order to investigate the thermal stability of the hybrids.
The results on silicalite and a 10 wt % indigo@silicalite
sample (SILI-8) are presented in Figure 7. Silicalite is subject
to minor mass loss below 120 °C, attributable to the
departure of physisorbed water (55). Pure indigo powder
begins to sublime in the range 250—350 °C before total
decomposition at 360 °C (56) (exothermic reaction). SILI-8
exhibits a first mass loss at 360 °C, which corresponds to
decomposition of the indigo powder, and a second mass loss
in the 550—700 °C range, attributed to the release of indigo
sorbed in the silicalite. An exothermic peak (550—700 °C)
is correlated with the sorbed molecule decomposition. The
powder indigo content and the sorbed indigo content mea-
sured by TGA are reported in Table 1 for different hybrid
samples.

The indigo@silicalite samples were also exposed to ir-
radiation tests. Fluorescence spectra were recorded for
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FIGURE 3. XRD full pattern of a 5 wt % indigo/silicalite unheated mixture (red points, experimental data; black line, calculated diagram;

green, Bragg positions; blue bottom line, residuals).

Table 2. Crystallographic Results of the Full-Pattern Fitting of Sample SILI-10 (5 wt % Indigo) before and after

Heating
before heating of an indigo/

silicalite mixture after heating of SILI-10 Van Koningsveld et al. (25) Van Koningsveld et al. (26)
phase silicalite indigo silicalite ZSM-5 (single crystal) TPA@ZSM-5 (single crystal)
symetry monoclinic monoclinic orthorhombic monoclinic orthorhombic
space group P2In P2,lc Pnma P2In Pnma
a@®) 20.0924(3) 10.8762 (6) 20.0301(6) 20.1070(20) 20.0220(20)
b (A) 19.8620(2) 5.8376(2) 19.8878(6) 19.879(2) 19.8990(20)
c @A) 13.3446(2) 12.2424(7) 13.3636(4) 13.369(1) 13.385(1)
o (deg) 90.680(1) 90 90 90.67(1) 90
p (deg) 90 130.280(4) 90 90 90
y (deg) 90 90 90 90 90
volume (A% 5325.1(1) 592.98(5) 5323.5(3) 5343.32 5332.03
R, (%) 7.52 7.22
Rup (%) 9.47 9.98

different laser powers (Figure 8) on SILI-3. The 650 nm band
is not notably affected, whereas the 730 nm band, if present,
disappears progressively with an increase of the irradiation
power. Under similar exposure of pure indigo to the laser
beam, the 750 nm fluorescence band of the indigo powder
disappears even at low-power irradiation.

IV. DISCUSSION
The optical properties of pure indigo are described in the

literature (16, 57—62). The UV—vis absorption is ascribed
to the N—H donor to C=0 acceptor transition, taking place
at the C=C bond central site (63, 64). The transition of indigo
from the aggregate state in condensed matter to the mono-
mer state is known to be accompanied by a large blue shift

of the fluorescence band (65), as is observed in our spectra
(Figure 1). Indeed, Figure 1b shows that the main band of
indigo in solution is found at 650 nm, whereas the 730 nm
fluorescence band occurs when the molar concentration is
increased. Hence, the 650 nm band is assigned to individual
molecules, while the 730 nm band is attributed to indigo
clusters. Our results also show the correspondence between
the 650 nm fluorescence and 606 nm absorbance bands,
as well as that between the 730 nm fluorescence and 680
nm absorbance bands.

The changes observed in the two indigo fluorescence
bands in indigo@silicalite as a function of the indigo con-
centration and temperature (Figure 5¢) and after irradiation
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FIGURE 4. Changes of the indigo fluorescence signal versus time (a)
and penetration depth (b). (a) In situ fluorescence of a 5 wt % indigo/
silicalite mixture heated at 200 °C (l.x = 488 nm). Spectra are
normalized at 730 nm. (b) Fluorescence intensity ratio I(730)/I(650)
in an indigo-doped single crystal from the surface z = 0 to 20 um
(Aex = 488 nm). Inset: crystal axes.

of the pigment formed (Figure 8) clearly suggest the pres-
ence of two states of indigo. The fluorescence bands at 650
and 730 nm are assigned to indigo located in the bulk and
at the surface of the zeolite, respectively (Figure 4b). Their
attribution is justified by a comparison of the fluorescence
and UV—vis absorption data of diluted indigo in chloroform
and the condensed-state indigo in a crystalline powder
(Figure 1) with the data of indigo@silicalite sample (Figure
5d).

The 730 nm fluorescence band in indigo@silicalite (Fig-
ure 2b) is present in aggregated indigo (Figure 1b). When
the concentration of indigo is increased, the fluorescence
emission shifts from 730 to 750 nm. The 750 nm band is
assigned to crystalline indigo (Figure 1d). The progressive
shift from 750 to 730 nm is attributed to a reduction in the
size of the indigo aggregates at the silicalite surface (66). By
confrontation with the UV—vis absorption data (Figures 2a
and 5a), the 420—570 and 680 nm Kubelka—Munk-scale
diffuse-reflectance bands are also assigned to indigo in the
condensed state, close to that of the reference indigo powder
(Figure 1c¢). We conclude that powdered indigo lies over the
external surface of the zeolite and the degree of aggregation
depends on the temperature, heating time, and initial
amount of indigo.

The second indigo species is assigned to the fluorescence
emission at 650 nm, which predominates upon formation
of the complex by heating (Figure 4a). Individual molecules
of indigo emit at 650 nm in chloroform (Figure 1b). We
interpret the blue shift of the fluorescence band from 730
to 650 nm by the breaking of intermolecular hydrogen
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bonding and the consequent disaggregation of the indigo
powder. Moreover, the origin of the 650 nm band within the
bulk of the material is clearly asserted by the depth-resolved
fluorescence measurement (Figure 4b). These conclusions
are confirmed by the XRD studies (Figure 6). Indeed, the
zeolite can be locked into the orthorhombic phase at room
temperature, as a consequence of loading with organic
sorbates (26, 27, 29, 30). The stabilization at room temper-
ature of the orthorhombic phase of the indigo-doped silicalite
can thus be ascribed to the templating effect of indigo inside
the zeolite structure. We understand that, upon heating, part
of indigo transforms into monomers and enters the zeolite
channels; this doping process is responsible for locking of
the zeolite structure into its metastable orthorhombic form.

Figure 9 is a schematic representation of the room
temperature phase stability of indigo-doped silicalite in T—C
space, where T is the heat of formation temperature (5 h, in
air in all cases) and Cis the initial concentration of the indigo
powder in the mixture (see Table 1 for the samples in-
volved). The solid line boundary curve separates the do-
mains in the presence of respectively the one-phase com-
pound (zeolite only) and the two-phase compound. In the
latter case, the superimposed powder XRD patterns of both
silicalite and indigo are observed. The presence of diffracting
indigo is found to correlate with the occurrence of the above-
mentioned 730—750 nm fluorescence band, as well as the
420—570 and 680 nm diffuse-reflectance bands. The dashed
lines show the occurrence at room temperature of either the
monoclinicororthorhombicsymmetry of the indigo@silicalite
sample after the heating process, depending again on the
temperature of formation and the initial indigo concentra-
tion. T—C conditions are stringent for obtaining a single
orthorhombic phase after 5 h of baking under atmospheric
conditions.

The synthesis of this new hybrid is carried out directly
by heating in the solid phase. The procedure to obtain the
stable indigo-doped silicalite seems to be easy, but several
adjustments are required to ensure homogeneous and re-
producible diffusion of indigo. The heating process is a
determining factor, and the final temperature has to be
carefully monitored. Effective indigo concentrations at the
surface and inside the zeolite channels have been checked
by TGA for different hybrid samples (Table 1). Heating of
the mixture of ground powders of indigo and silicalite at
moderate temperatures (below 200 °C) restricts the amount
of indigo admitted into the zeolite channels (samples SILI-1
to SILI-5; see Table 1). Too high a temperature increases the
mobility of indigo, but indigo is likely to sublime and to
diffuse out, as revealed by the significant difference between
the initial and final concentrations for samples obtained at
300 °C (Table 1). The fraction of surface indigo can be
reduced by increasing the formation temperature of the
indigo@zeolite hybrid and by adjusting the initial amount
of indigo in the raw mixture. A pure orthorhombic phase is
produced in the presence of stable internal indigo, although
this structural effect is often incomplete: a mixture of
monoclinic and orthorhombic zeolite is more often ob-
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FIGURE 5. Diffuse-reflectance (Kubelka—Munk scale) and fluorescence spectra of the indigo@silicalite hybrids, showing the effect of the
indigo concentration and the formation temperature. (a) Kubelka—Munk-scale diffuse-reflectance spectra at three steps of the doping process
for a 5 wt % indigo/silicalite sample. (b) Fluorescence spectra at three steps of the doping process for a 5 wt % indigo/silicalite mixture
sample. (c) Fluorescence intensity I(730)/1(650) ratio (lex = 488 nm) versus the indigo concentration for two heating temperatures (the same
heating time of 5 h). (d) Comparison between the absorption and fluorescence spectra of diluted indigo in CHCl; and sorbed indigo in silicalite.
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FIGURE 6. XRD results of in situ heating on a 10 wt % indigo/silicalite mixture: (a) temperature cycle; (b) diffraction pattern of the
silicalite (1) before heating (monoclinic form), (2) at 260 °C (orthorhombic form), and (3) after a return to room temperature (orthorhombic
form). (c) Ferroelastic behavior of the silicalite upon heating. The phase transition occurs at 68 °C. (d) Evolution of the silicalite unit-
cell volume at 260 °C.

served. Complete transition is achieved for an initial indigo Encapsulation of indigo in an inorganic matrix modifies
concentration of 5 wt % and the final temperature of 300 its color and improves its stability: the color centers (seques-
°C (sample SILI-10). tered indigo monomers) are protected against fading pro-
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FIGURE 8. Fluorescence spectra of the SILI-3 sample after irradiation
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FIGURE 9. Schematic diagram of the silicalite@indigo phase com-
position as a function of the heating temperature (150—300 °C) and
indigo concentrations (0.5—10 wt %).

duced by high temperature (Figure 7) and light (Figure 8).
The positions of the diffuse-reflectance and fluorescence
bands attributed to monomers of indigo inside the zeolite
channels, compared with those of indigo in solution, do not
emphasize the formation of any strong organic—inorganic
interaction. We believe the high thermal resistance of the
indigo@silicalite pigment is related to a particular location
of the indigo molecules inside the channels, with the ability
to lock the high-temperature phase at room temperature and
without the possibility of diffusing out.

The UV—vis diffuse-reflectance spectrum (Figure 5a) ac-
counts for the light-blue color as long as the indigo concen-
trations are adequate (1 wt %). This color recalls that of
ancient Maya Blue, formed by heating palygorskite or se-
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piolite clays with indigo. In the recent past, Domenech et
al. (67) discovered an oxidized form of indigo, dehydroin-
digo, as a result of the formation process. This is discussed
by different groups (68, 69) and could account for the
characteristic turquoise shade of Maya Blue. We did not
notice such a transformation during the indigo@silicalite
synthesis. Nevertheless, the silicalite matrix is really different
from the clays used to obtain the archeological pigment, in
particular its chemical composition (pure SiO), with no
possibility of inducing any oxidative reaction. We also
compared the high thermal stability of sorbed indigo in
silicalite (Figure 7) with that of of the Maya Blue pigment.
Ovarlez et al. (70) recently reported the high-temperature
stability of indigo molecules trapped in sepiolite tunnels
(>380 °C), which is in agreement with our result using the
silicalite matrix.

V. CONCLUSION

We have engineered an original indigo@zeolite hybrid
composite and studied its structural and spectroscopic
properties, which demonstrates a procedure to obtain a
durable and resistant pigment. The indigo@silicalite system
contains two distinct species of indigo: one is aggregated
indigo in contact with the surface of the zeolite, and the
second consists of entrapped indigo monomers. The stability
of the hybrid pigment is monitored by controlling the initial
dye loading and the temperature. The color and color
stability directly depend on control of these factors and on
the amount of trapped indigo inside the silicalite channels.

The indigo pigment in our study can be thought of as an
analogue of the historical pigment Maya Blue (5). The present
investigation also suggests that the studied indigo@zeolite
hybrid could find applications as a natural, low-cost, and
easy-to-make painting material for industrial and artistic use.
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